Ab Initio Molecular Dynamics Constrained Dynamics And Potential of Mean Force QM/MM Models of the Active Site Proton Transfer in the Endo IV Active Site Transition State Structural Reorganization of the Active Site ! QM/MM algorithm with QM and MM subsystems coupled at the boundary region through bonded and non-bonded terms via a fully Hamiltonian coupling scheme. ! Two models constructed: A and B. ! QM subsystem consisted of 132 quantum atoms for model A and 131 for model B (three zinc ions, all first-shell ligands, substrate and nucleophilewater in model A or hydroxide ion in model B). ! BLYP functional. ! Troullier-Martins pseudopotentials. ! G-point plane wave expansion of the valence orbitals up to 70 Ry. ! Fictitious electronic mass parameter of 700 a.u. ! The entire system contained 37,573 atoms in total, including the protein, 15 base pair DNA substrate, solvent and counterions. ! The AMBER force field parameters were used for the MM subsystem. ! Time step of 0.125 fs (5 a.u.) ! Simulations were performed in the NVT ensemble.
The analysis presented here emphasizes the significant level of complexity involved in enzymatic catalysis by multinuclear enzymes even when the underlying chemical transformation is relatively straightforward. At the same time certain universal patterns regarding the multiple mechanistic roles of the metal cofactors emerge. First, the metal ions play a role in generating the reactive nucleophile. This involves precise positioning of a carboxylate ligand in order to deprotonate an exogenous water molecule and to orient the resulting hydroxide for an in-line attack. Deprotonation is further facilitated by the combined electrostatic effect of two zinc ions (Zn1 and Zn2), necessitating a relatively close distance between them. The second role of the metals is to accommodate and electrostatically stabilize the more compact partly associative transition state. Hence, an overall contraction of the trimetal cluster is observed. Finally, a metal cofactor (Zn3) is responsible for stabilizing the developing charge on the leaving group toward the end of the reaction. To effectively carry out these roles, the active site rearranges dynamically a finding, which underscores the crucial importance of flexibility for the reactive transition. QM/MM model of endonuclease IV showing the enzyme and the DNA substrate. The tri-nuclear active site is highlighted by a red circle.
Schematic representation of the reaction mechanism.
Schematic representation of the proton transfer process (for model A). To quantify the process a two-dimensional histogram was constructed, reflecting the joint probability P(R , d) to observe a particular value of the proton displacement 
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Product Structure After Phosphate Group Deprotonation
Based on the difference in pKa values the proton residing on the phosphate group at the end of the reaction has to be shuttled to the leaving oxyanion group. This subsequent step in the catalytic cycle has to be taken into account by the simulation. Therefore, after switching the protonation state on these two groups, we carried out unconstrained AIMD dynamics on a model of the product complex for an additional picosecond. The model relaxed to reflect the experimentally observed coordination pattern. Endonuclease IV belongs to a class of important AP endonucleases involved in DNA repair. Although a structure-based mechanistic hypothesis has been put forth for this enzyme, the detailed catalytic mechanism has remained unknown. Using ab initio molecular dynamics (AIMD), we determined that the catalytic transformation proceeded through a synchronous bimolecular (A D ) mechanism with reaction free NN energy and barrier of -3.5 and 20.6 kcal/mol, in excellent agreement with experimental estimates. In the course of the reaction the tri-nuclear active site of endonuclease IV underwent dramatic local conformational changes shifts in the mode of coordination of both substrate and first-shell ligands. This finding supports the notion that structural rearrangements in the active sites of multinuclear enzymes are integral to biological function.
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